INTRODUCTION
Tubes of metals, ceramics etc. do often not meet their application requirements, such as stability against corrosion and wear, when the tube material is susceptible to such degradation mechanisms. Due to the shape of the tube and effects of its production techniques, this problem can sometimes be even more serious than with the corresponding flat material. A solution to this problem can be to deposit a protective coating onto the the inner wall. Coating methods include galvanic coating or chemical vapour deposition (CVD). However, each technique has its drawback, such as the limited coating material, e.g. diamond-like carbon in electrodeposition, or the high temperature required for CVD. An alternative technique, suitable for a number of coatings and available at moderate process temperature, is ion beam sputtering. In the following, a method for ion beam sputter deposition of thin films onto the inner walls of tubes and cylinders in the mm and cm diameter range at low process temperature is described. It summarizes earlier work and gives new results on deposition of titanium nitride as a wear resistant compound coating.
THE COATING PROCESS
An ion beam can easily be formed to a symmetric cylindrical beam by using beam focusing elements. When it impinges onto a solid, one of its effects is sputtering, and, hence, deposition of the sputtered material as a thin film in the vicinity of the material hit by the beam. The combination of these two features make an ion beam a quite suitable tool for coating the inner walls of a cylinder or a tube.
For coating the inner walls of such elongated symmetric objects, a sputter target is moved through the tube along its axis. The simplest setup would be a round plate. However, this geometry does not offer the maximum sputtering coefficient and the majority of the sputtered material is directed along the surface normal which is unfavourable for a tube, since the sputter flux flows towards the tube aperture. In order to increase the sputtering/deposition rate, an ion incidence angle of 45° to 60° has to be chosen [1] . One way to do this is to tilt the flat plate by this angle, and elongate it in one axis to form an ellipse in order to fill the diameter of the tube. In this case, either plate or tube have to be rotated for an overall coating. The second way is to use a conical sputtering target with an according cone opening angle.
The process does not only comprise sputter deposition, but also ion irradiation with the reflected primary ion beam. Fig. 1 shows the process schematically, with both ion beam sputtering and ion reflection. Since the ion beam impinges at oblique angle, a part of it is reflected from the sputter target. These ions irradiate the freshly deposited or still growing film. This leads to the well-known ion irradiation effects, including ion beam mixing when the film is still thin enough that the ions can reach the interface between film and tube wall. The intensity of this effect depends on ion energy, ion mass and the opening angle of the sputter cone which defines the ion incidence angle. The smaller the cone angle is the more ions are reflected. The ion incidence angle on the sputter target furthermore defines the incidence angle of the reflected ions on the growing film and, as a result, the projected range of the ions. Table I compares as an example sputter coefficient and percentage of reflected ions in case of a titanium sputter target and argon ions at normal incidence (angle: 0°) and at 30° and 60° (with respect to surface normal), resp. The data were calculated by means of SRIM-code, using full collision cascades [2] . Since the surface binding conditions of Ti are not exactly known, e.g. due to the presence of residual gas which forms surface compounds, the absolute sputtering values are not necessarily reliable, however, a comparison between the different incidence angles is possible, since they are based on ballistic effects. The results show that an increase in ion incidence angle leads to greatly enhanced sputtering coefficient and, hence, film growth rate, and to enhanced bombardment of the growing film with reflected Ar ions. At an incidence angle of 60°, the sputtering rate is increased by a factor of 4, and the number of reflected ions by a factor of over 20 when compared to normal incidence.
DIFFERENT GENERATIONS OF TUBE COATERS
With the before mentioned set-up, four generations of tube coaters were constructed and built.
The first one consisted of a static system with a low energy ion source connected to a steel vacuum tube which hosted the tube to be coated. A conical sputter target was pushed through it by means of a vacuum feedthrough [3] .
The second one consisted of a chamber flanged to an ion implanter with the tube to be coated arranged in the center of the beamline. A conical sputter target was driven through it with a wormdrive on a vacuum-feedthrough with an external electromotor [5] . The tube to be coated was set onto two V-shaped holders which could be moved up and down and sidewards by means of screws. The tube was aligned with ion source aperture, ion beam extraction system and ion beam collimator by means of a LASER.
With these set-ups despite careful adjustment it turned out to be difficult to establish a beam alignment which was precise enough to guarantee uniform coating. Therefore, in the third generation, the tube was rotated by a second electromotor, see Fig. 2 . Additionally, the ion beam current on the sputter target was measured and used to correct the sputter target velocity to account for fluctuations of the beam current due to an unstable ion source. With this arrangement, a quite good uniformity along the tube circumference could be obtained [6] . However, still a very good uniformity along the tube axis of long tubes (several 10 cm length) was difficult to obtain since the beam tended to blow up inhomogeneously towards to far end of the tube. Therefore, a dedicated apparatus was constructed for larger tubes with improved coating uniformity. In this case, not the tube was rotated, but an elliptical rotating sputter target was used. By means of two Einzel lenses, one after the ion extraction and another one which was moved along with the sputter target in front of it, the beam could be focused inside the tube onto the sputter target. The set-up is schematically shown in Fig. 3 . In Table II Along the axis, the homogeneity is quite good, on the circumference is is very good. The effect of tube rotation and target speed based on ion current measurement have also been shown for Cu films on Al tubes [6] .
By using these apparatus, various coating materials were deposited onto the inner walls of tubes of different materials and dimensions. Apart from single elements, metallic alloys and metal oxides and nitrides were deposited. The alloys were formed by using segmented sputter targets, consisting of truncated cones. The areas of the alloying elements on the sputter target and their according sputtering coefficients determined the composition of the alloy. Nitrides were formed by back-feeding N 2 or NH 3 from the rearside of the tube. The gas streamed along the tube and reacted with the sputtered metal atoms to the according compound. The composition was controlled by beam current density and gas pressure. Table III compiles the combinations of coating materials and tube materials processed with the tube coaters, and gives the references where more details can be found. 4. FORMATION OF TiN COATINGS ON STEEL AND ALUMINIUM ALLOY TUBES For depositing 20 to 110 nm thick TiN-films onto the inner walls of different metal tubes, 60 keV argon ions and a conical titanium sputter target with a 60° angle were used. Nitrogen gas was backfilled from the backside of the tube by means of a nozzle and a mass flow controller. The set-up is schematically shown in Fig. 4 . 5 shows for the TiN films on Al-alloy that at low ion current densities, the sorption from residual gas leads to an oxygen content of 8 at%. Since nitrogen is abundant, the N content is 42 at%. When the ion irradiation intensity is increased, oxidation is decreased and nitride formation is enhanced. At a current of 80 µA/cm 2 the oxygen content is reduced to 2 at%, while nitrogen is increased to 47 at%. The carbon content from hydrocarbon gases of the residual gas is low at around 2 to 3 at% and is hardly affected by ion beam irradiation intensity. The wear behaviour of the titanium nitride films on stainless steel AISI 314 was tested by cutting a strip out of the center part of the tube and carrying out reciprocating ball-on-flat tests along the tube axis [4] . As a counterbody, a ball of hardened AISI 52100 under unlubricated conditions was used. After the test, the [4] .
Whereas the unprotected steel shows a deep wear track against the much harder ball bearing steel, the coated one remains mostly unaffected. The TiN -coating is not delaminated. It shows a good adhesion, which is due to ion beam mixing of coating and substrate. Due to its high hardness, the film and the steel substrate are not worn out.
This example shows that the reactive ion beam sputter technique allows to coat metal tubes with high homogeneity with protective films at low temperature.
CONCLUSIONS
A collimated heavy ion beam in the energy range of several 10 keV, directed onto a sputter target at oblique angle, is an efficient tool to coat the inner walls of tubes by sputter deposition. This is a process which allows depositing different types of thin films, such as elemental films or compound films, with good uniformity and at low temperature. Thin films such as amorphous carbon (a-C) or titanium nitride can not be deposited by electrochemical methods and not by chemical vapour deposition, if the tube material has to be kept at low temperature. In case of physical vapour deposition techniques based on evaporation, a good uniformity can hardly be obtained since the material has to enter the tube under oblique angles. An alternative method is LASER ablation, however in this case, problems with microparticles arise. Another possibility is plasma enhanced chemical vapour deposition or plasma based ion implantation, if the plasma can be conducted or generated inside the tube with sufficient homogeneity [8, 9] .
Ion beam sputter coating is suitable for depositing thin films on tubes of intermediate size, typically with a diameter of several mm or cm, and lengths of several 10 cm. For much smaller tubes, problems with ion beam guidance arise, for much larger tubes, the process times are too long, and a good uniformity is difficult to obtain.
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